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The ability to perform organic reactions with chemoselectivity is of critical importance in synthesis. 
Recently we reported that a de novo carbene transferase, a tetra-α-helical c-type heme-containing 
protein, C45, is proficient at N-H insertion reactions, proceeding via the intermolecular transfer of a 
metallocarbenoid intermediate into the N-H σ-bond to form a new N-C σ-bond. Here we demonstrate 
that C45 can also catalyse N-H insertion reactions chemoselectively, even when the substrate contains 
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Organic molecules often contain more than one type of functional group. When such molecules are 
used in organic transformations, a fundamental problem that is frequently encountered is a lack of 
chemoselectivity,1,2 often resulting in undesirable and uncontrolled modification of off-target 
functional groups. To circumvent such chemoselectivity issues, it is often necessary to employ 
protecting group methodologies, which add additional steps to the overall synthetic pathway.3–7 
Therefore, the ability to chemoselectively transform substrates is of high importance both 
technologically and, where enzymes are involved, biologically. In addition to stereoselectivity, 
enzymes often exhibit significant chemoselectivity during biosynthesis, selectively transforming one 
particular functional group in the presence of others.1,8–13 The recent explosion of engineered carbene 
transferases has afforded novel biosynthetic strategies for cyclopropanation,14,15,24,25,16–23 X-H insertion 
(X = N, S, B, Si)26–33, carbonyl olefination reactions34,35 and ring expansion reactions.36 While engineered 
proteins have proven versatile scaffolds for catalysing such transformations, multiple rounds of 
directed evolution are usually required before a desired activity is achieved.37,38 
As a viable alternative to using engineered natural proteins, de novo protein design has afforded 
simplified, novel protein scaffolds capable of reproducing natural protein and enzyme functions.39–45 
In particular, we have demonstrated that the tetra-α-helical, c-type heme containing maquette C45 is 
a proficient and promiscuous peroxidase catalysing the peroxidation of numerous substrates with 
rates similar to, and even surpassing, natural peroxidases such as horseradish peroxidase.46 More 
recently, we have demonstrated that C45 is also a proficient and stereoselective carbene transferase, 
capable of catalysing cyclopropanations, N-H insertions, carbonyl olefinations and ring expansion 
reactions with good yields and tuneable stereoselectivity.36 As C45 has already demonstrated 
proficient N-H carbene insertion chemistry towards para-chloroaniline and piperidine,36 the question 
of whether C45 would catalyze the X-H carbene insertion reaction when alkanolamines are employed 
as substrates was raised (Figure 1). The three regioisomers of aminophenol (2-aminophenol (2AP), 3-
aminophenol (3AP), and 4-aminophenol (4AP)) were identified as suitable substrates for exploring the 
chemoselectivity of biocatalytic carbene X-H insertions. Here, we report the chemoselective carbene 
N-H insertion reaction of the three regioisomers of aminophenol catalysed by C45. 
RESULTS AND DISCUSSION 
We initially tested the ability of C45 to catalyze carbene insertion into the O-H bond of phenol, using 
ethyl diazoacetate (EDA) as the carbene precursor. The normalized C18-HPLC chromatogram for 




Analysis of the product mixture via HPLC and LC-MS revealed no appreciable O-H insertion product, 
indicating that C45 does not catalyze the insertion of carbene into the O-H of phenol.  
We then explored the potentially chemoselective C45-catalyzed insertion of carbenes into the N-H 
bonds of the three regioisomers of aminophenol Figure 3. Figure 4 (top) presents the C18-HPLC 
chromatograms and the LC-MS mass spectra acquired for the C45-catalysed reactions between 2-
aminophenol and i) ethyl diazoacetate (EDA), ii) tert-butyl diazoacetate (tBuDA), and iii) benzyl 
diazoacetate (BnDA). The chromatogram for the reaction between EDA and 2AP is dominated by a 
major peak at 16.25 minutes, preluded by a split peak in the range 15.1-15.5 minutes which is 
attributed to the various ionization states of unreacted 2AP (SI Figure 1). The emergence of the new 
peak at 16.25 minutes corresponds exceedingly well to the retention time reported for N-
phenylglycine ethyl ester (16.6 minutes, SI Figure 1), with the deviations probably accounted for by 
the introduction of a hydroxy group in the ortho-position of the product. Subsequent LC-MS analysis 
of the peak at 16.25 minutes generated a mass spectrum dominated by a peak at 122 m/z, which 
corresponds to the exact mass expected for the iminium fragment of the 2AP/EDA single-insertion 
product ethyl (2-hydroxyphenyl)glycinate. The mass spectrum also possesses a small peak at 195 m/z, 
corresponding to the expected mass of the [M+H] parent ion. The chromatogram for the reaction 
between tBuDA and 2AP exhibits a single peak at 15.70 minutes, preluded by a dominant single peak 
at 15.1 minutes which corresponds to unreacted 2AP (SI Figure 1). Subsequent LC-MS analysis of the 
peak at 15.70 minutes generated a mass spectrum dominated by a peak at 122 m/z, which 
corresponds to the exact mass expected for the iminium fragment of the 2AP/tBuDA single-insertion 
product tert-butyl (2-hydroxyphenyl)glycinate. No parent ion could be detected for tert-butyl (2-
hydroxyphenyl)glycinate, probably on account of the increased probability of fragmentation of a tert-
butyl group relative to an ethyl group. The chromatogram for the reaction between BnDA and 2AP 
exhibits a dominant single peak at 16.01 minutes, preluded by a single smaller peak at 15.1 minutes 
which corresponds to unreacted 2AP (SI Figure 1). Subsequent LC-MS analysis of the peak at 16.01 
minutes generated a mass spectrum dominated by three peaks: i) a peak at 91 m/z corresponding to 
the tropylium ion fragment previously observed for ESI-MS analysis of benzyl substituents, ii) a peak 
at 212 m/z corresponding to the disodium carboxylate fragment resulting from loss of the tropylium 
fragment, and iii) a peak at 258 m/z which corresponds to the exact mass of the [M+H]+ parent ion for 
benzyl (2-hydroxyphenyl)glycinate.  
The C18-HPLC chromatograms acquired for the C45-catalysed X-H insertion assays employing 2-
aminophenol as the substrate revealed the presence of a new, single species being formed in the 
reaction. The di-insertion product was not detected in the LC-MS analysis, and the fragmentation 




The data suggests that C45 is catalyzing the carbene insertion reaction of 2-aminophenol 
chemoselectivity, inserting the carbene exclusively into a N-H bond, even in the presence of 
unprotected O-H groups. From the chromatograms, average products yields of 90.78, 59.61 and 
75.26% and (Ninsertion/Oinsertion) ratios of >99.9% were calculated for ethyl-, tert-butyl-, and benzyl (2-
hydroxyphenyl)glycinate respectively (Table 1). These values are consistent with the product yields 
reported in the literature using copper-based catalysts.36 The relative trends observed for product 
yield differences between the three diazo compounds (EDA > BnDA > tBuDA) for the previously 
reported cyclopropanation and N-H insertion reactions is also observed for 2-aminophenol.36 It should 
be explicitly noted that the calculated yields are estimations based on comparisons with the 
unhydroxylated N-phenylglycine ethyl ester. We were unable to perform the synthesis of the three 
hydroxylated standards chemoselectively and so N-phenylglycine ethyl ester was selected as the 
closest representation for establishing an external calibration. We calculated the ratios of the 
extinction coefficients for aniline vs 2AP, 3AP, and 4AP as 1.07, 1.10 and 1.12 respectively, meaning 
the employment of N-phenylglycine ethyl ester should allow reasonable estimations to be made. In 
addition, the initial reactions were performed with a 1:1 substrate/diazo ratio, and although the 
chemoselectivity of the reaction was not affected the product yields were low; a 3:1 ratio has been 
previously demonstrated to engender consistently higher product yields36 and so was employed in the 
assays reported here. 
Figures 5 and 6 present the C18-HPLC chromatograms and the LC-MS mass spectra acquired for the 
C45-catalysed reaction between 3-aminophenol/4-aminophenol and EDA, tBuDA, and BnDA 
respectively. The trend of chemoselective mono-N-H-insertion is continued across all six reactions 
explored. The chromatograms for the reactions between EDA, tBuDA, and BDA and 3AP are all 
dominated by a single major peak at between 15.10-15.60 minutes, with subsequent LC-MS analysis 
confirming the identity of the single-insertion products for each carbene precursor. From the 
chromatograms, products yields of 61.50, >99.9 and 44.36% and (Ninsertion/Oinsertion) ratios of >99.9% 
were calculated for ethyl-, tert-butyl-, and benzyl (3-hydroxyphenyl)glycinate respectively (Table 1). 
The chromatogram for the reaction between EDA and 4AP is dominated by a major peak at 15.10 
minutes, with no unreacted 4AP peak detectable (it should be noted that 3 M HCl was employed in 
the purification of assays conducted with 4AP instead of acetic acid. The increased acidity of HCl likely 
converted most of the unreacted 4-aminophenol to the hydrochloride salt, enhancing its removal from 
the product mixture upon aqueous-organic work up). Subsequent LC-MS analysis confirmed the 
identity of the 4AP/EDA single-insertion product. The chromatogram for the reactions between 
tBuDA/BDA and 4AP exhibits single peaks at 15.42 and 15.50 minutes respectively, with subsequent 




product yields of 47.35, 19.37 and 34.34% and (Ninsertion/Oinsertion) ratios of >99.9% were calculated for 
ethyl-, tert-butyl-, and benzyl (4-hydroxyphenyl)glycinate respectively (Table 1). 
One point of interest from these results is the C45-catalysed N-H insertion reaction between tBuDA 
and 3-aminophenol, which consistently affords high product yields. The origin of the apparent activity 
exhibited by C45 towards this reaction is currently unknown. The bulky tert-butyl group possibly 
disrupts the active-site of C45 upon metallocarbenoid formation causing temporary deviation in 
conformation which could facilitate the entry of a substrate (X-aminophenol) into the active site. Such 
deviations favouring the accommodation of the bulky tert-butyl-substituted metallocarbenoid 
intermediate could also engender stabilizing interactions for 3-aminophenol, and/or interactions 
which modify the pKa of the -NH group, rendering the amine significantly more nucleophilic. 
Alternatively, it is also possible that such interactions could orientate the 3-aminophenol amine group 
suitably for nucleophilic attack on the metallocarbenoid carbon. The exact dynamics and electronics 
governing the reaction between tBuDA and 3-aminophenol remain unelucidated and require 
additional investigation to be fully understood. 
From the data, it can be concluded that C45 is proficient at catalyzing the chemoselective N-H carbene 
insertion of unprotected alkanolamines. Notwithstanding the reaction between tBuDA and 3AP, two 
general trends can be identified with respect to the estimated product yields: i) the reaction yields 
follow the trend EDA > BnDA > tBuDA, and ii) the reaction yields seemingly increase as the molecular 
volume of the substrate decreases (1.38, 1.51 and 1.61 x10-22 cm3 for 2AP, 3AP and 4AP respectively). 
The first trend has been observed previously for styrene cyclopropanation and p-chloroaniline 
insertion36 and has been rationalized by the sterics of the three substituents, and possible π-π 
interactions between the phenyl group of benzyl diazoacetate and aromatic residues in the active site 
of C45.36 The increase in product yield with respect to decreasing molecular volume suggests a key 
factor governing C45’s functionality is entry and accommodation of a substrate into the heme-
containing active site, a process easier for smaller molecules. The observed general trend in product 
yields (2AP > 3AP > 4AP) can therefore be accounted for, at least partially, by the molecular volume of 
the substrate (2AP < 3AP < 4AP). No observable trend was detected between product yields and 
pKa(NH) of the substrates (pKa(NH) = 4.37 (3AP) < 4.78 (2AP) < 5.48 (4AP)), indicating entry into the 
active site, and not the nucleophilicity of the amine, plays a more critical role in governing enzymatic 
activity.  
CONCLUSIONS 
C45, a tetra-α-helical c-type de novo hemeprotein, has previously been reported to be a proficient 




N-C σ-bonds.36 Here it was reported that C45’s catalytic activity extends to amino substrates also 
possessing unprotected O-H σ-bonds. It has been demonstrated that C45 catalyses the N-H insertion 
reaction chemoselectively, exhibiting no reactivity towards unprotected O-H bonds in either phenol 
or any of the three regioisomers of aminophenol. Although chemoselective  carbene N-H insertion by 
an enzyme has been reported for amine-containing substrates also containing alkenes,47,48 thiols,47 
and silanes,28 the work presented here is, to the best of the author’s knowledge, the first 
demonstration of an enzymatic chemoselective N-H insertion in the presence of an unprotected 
hydroxy group. The estimated product yields followed the trends 2-aminophenol > 3-aminophenol > 
4-aminophenol and EDA > BnDA > tBuDA, which has been rationalised on account of sterics and 
substrate entry. Interestingly, the reaction between 3-aminophenol and tBuDA exhibited remarkably 
high activity, marked by an apparent complete turnover of substrate into product. The reasons 
governing C45’s predilection for this reaction are currently unclear and will be the subject of further 
investigations. In conclusion, it has been demonstrated that C45 shows proficient activity towards the 
carbene N-H insertion of aminophenols, marked by a chemoselectivity for amine groups in the 
presence of unprotected hydroxy groups.  
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METHODS AND MATERIALS 
All chemicals were purchased from either Sigma or Fisher Scientific, and T7 Express competent cells 
and Q5 polymerase were purchased from NEB. All LC-MS mass spectra were acquired using positive 
electron-spray-ionization (ESI) mass spectrometry (Waters Xevo G2-XS QTof) attached to a C8 reverse 
column (Grace Vydac, 100 x 21 mm, 5 μm. All High Performance Liquid Chromatography (HPLC) 
chromatograms were acquired using an Agilent waters HPLC and a C18 HPLC reverse phase column 
(Phenomenex, 150 x 15 mm, 5 μm). 
GENERAL & MOLECULAR BIOLOGY, PROTEIN EXPRESSION AND PURIFICATION 
All transformations were performed using E. coli T7 Express competent cells (NEB) and by following a 
previously outlined protocol.43 Briefly, a modified pMaI-p4x+ plasmid (the maltose binding protein 
(MBP) sequence is deleted), containing the sequence for C45 with a TEV-cleavable N-terminal His6 tag, 
and pEC86 (containing the ccm machinery required for incorporation of the c-type heme into C45) 
expression vectors were used. 50% glycerol stocks for each cell-line were prepared and frozen for all 
proteins. 
EXPRESSION PROTOCOL  
C45 was prepared via by a protocol previously outlined.43,46 All steps were performed under sterile 
conditions.  Overnight starter cultures were prepared by adding 100 µL aliquots of carbenicillin (50 
mg/mL), and 100 µL chloramphenicol (50 mg/mL) to 100 mL of LB before inoculating with a C45-
containing glycerol stock. Starter cultures were incubated overnight at 37 oC and 180 rpm. To 1 L of LB 
was added 1mL of the appropriate antibiotics (50 mg/mL) and 50mL of an overnight starter culture, 
which were left to grow until an OD600 value between 0.6-0.8 was obtained. Once at the correct OD, 1 
mL of the inducer IPTG (1 M stock, 1 mM induction concentration) was added and the induced 
solutions were left to express for an addition three hours. After three hours the cultures were 
collected, centrifuged (4000 rpm, 4 oC, 30 mins) and the cell pellets were isolated from the 
supernatant, resuspended in 10 mL lysis buffer (300 mM NaCl, 50 mM sodium phosphate, 20 mM 
imidazole, pH 8) and stored at -20 oC until purification. 
PURIFICATION PROTOCOL  
The lysis suspensions were defrosted at room temperature and sonicated multiple times in durations 
of 20 seconds. After sonication, the suspensions were transferred to 50 mL SS34 centrifuge tubes and 
centrifuged (SS34 centrifuge) at 4 oC and a rate of 18000 rpm for 30 minutes. The supernatant was 
subsequently transferred to a 50 mL microfuge tube and the cell pellets disposed of. The supernatant 




buffer (300 mM NaCl, 50 mM Sodium phosphate (dibasic), 20 mM imidazole, pH 8). C45 contains a 
His6-tag, which exhibits a high affinity for nickel, meaning the the His6-tagged C45 remained attached 
to the nickel column while the unwanted components of the solution were filtered off. After the 
unwanted components had eluted into the waste, the column lines were switched to elution buffer 
(300 mM NaCl, 50 mM Sodium phosphate (dibasic), 250 mM imidazole, pH 8) which passed through 
the column, displacing His-tagged C45 and eluting it off the column; the His-tagged C45 was then re-
suspend in TEV protease buffer (0.5 mM EDTA, 50 mM Tris, 5L Milli-Q, pH 8) via dialysis. Once in TEV 
buffer, excess DDT and TEV protease was added (under a nitrogen atmosphere) and the mixture was 
left to stir for 3-6 hours. The mixture was then filtered again (45 and 20um membrane filters) and 
transferred back onto a nickel column. After elution, the His-tag cleaved C45, the protein was 
concentrated down to 5 mL using a 10,000-spin-membrane microfuge and centrifuging at 4500 rpm 
and 4OC. The protein was then purified using a HighLoad S75 16/600 (GE Healthcare) gel filtration 
column employing CHES buffer (20 mM CHES, 100 mM KCl, pH 8.6) as the mobile phase. The progress 
of the protein along the column was monitored spectroscopically, at 280 nm, and the collected 
fractions containing the C45 were characterised via UV-spectroscopy and an SDS-PAGE gel. The best 
fractions were then combined, concentrated (if necessary) and aliquoted into 500 µL samples which 
were stored at -80 oC until required.      
UV-VIS SPECTROSCOPY 
All UV-VIS spectra were recorded on an Agilent Cary-60 UV-visible spectrophotometer using a 1 mm 
pathlength quartz cuvette. Reduced spectra for each sample were acquired by the addition of 10 µL 
of Na2S2O4 (1 mM in de-ionised water). All UV-VIS spectra were recorded across a wavelength range 
of 300-750 nm. The concentrations were determined using the extinction coefficients for the ferric 
and ferrous samples respectively. C45: ɛ406 = 147,433 M-1 cm-1 and ɛ417 = 119,900 M-1 cm-1. 
CARBENE TRANSFER CHEMISTRY 
Unless stated otherwise, all assays were conducted under scrubbed nitrogen inside an anaerobic 
glovebox ([O2] < 5 ppm; Belle Technology). The assays were conducted inside 1.5 mL screw top vials 
sealed with a silicone-septum containing cap, in accordance with a previously reported protocol.36 All 
assays were conducted in CHES buffer (100 mM KCl, 20 mM CHES, pH 8.6). The final reaction volumes 
for all assays were 400 μL unless otherwise stated. 
Chemoselective N-H insertion assays 
The assay were conducted in accordance with a previously established protocol.36 Generally, to 370 




complete reduction of the C45. 10 μL of the selected aminophenol (1.2 M stock in DMSO) was the 
added and the reaction left to mix for 30 seconds. Another vial with the selected diazo compound (400 
mM stock in EtOH) was deoxygenated together with the assay vial. The vials were tightly sealed, 
transferred out of the glovebox and cooled in an ice bath. Once the samples had sufficiently cooled, 
10 μL of the diazo compound was added via gastight syringe into the reaction vials to initiate the 
reaction. Final reaction concentrations were 10 μM enzyme (0.1% mol%), 10 mM sodium dithionite, 
10 mM diazo compound, and 30 mM aminophenol. Once mixed, the vials were stirred on a roller at 
room temperature. After 2 hours, the reaction was quenched by the addition of 20 µL 10% (w/v) acetic 
acid (2-aminophenol and 3-aminophenol) or 3 M HCl (4-aminophenol). The vials were the unscrewed, 
and 1 mL of ethyl acetate was added. The solution was pipetted into a 1.5 mL microfuge tube, vortexed 
and centrifuged for 1 minute at 13,500 rpm. The upper organic layer was collected (and if necessary, 
dried with MgSO4) for analysis. All the assays were analysed by C18-HPLC and LC-MS as described 
below. The product yields, (Ninsertion/Oinsertion) ratios and total turnover numbers (TTN; concentration of 
product formed/concentration of enzyme) were calculated via external calibration with commercial 
N-phenylglycine ethyl ester and starting material. 
O-H insertion assays 
The C45-catalysed O-H insertion assays were conducted identically to the N-H insertion assays, with 
the only difference phenol substituting for an aminophenol substrate. 
PRODUCT CHARACTERIZATION BY REVERSE PHASE AND C18-HPLC 
All the reactions performed were quantified by High Performance Liquid Chromatography (HPLC). A 
C18 HPLC reverse phase column (Phenomenex, 150 x 15 mm, 5 μm) was used to quantify the 
chemoselective N-H insertion and O-H insertions assays. An isocratic mobile phase (100% CH3OH: 0.1% 
w/v NH4AcO, 0.5 mL min-1 flow rate and 20 μL injection volume) was used. All elution traces were 
monitored spectroscopically at 220, 254 and 280 nm. The C18 column allowed the retention times of 
the starting materials and the reaction products to be determined and allowed the (Ninsertion/Oinsertion) 
ratio to be quantified. If appreciable product formation could be detected after the initial HPLC 
experiments, the products were subsequently analysed using Liquid chromatography-Mass 
spectrometry (LC-MS) to assist in product identification (described below). 
External calibrations 
An external calibration of N-phenylglycine ethyl ester was obtained using HPLC with a commercially 
pure sample of N-phenylglycine ethyl ester. The conditions and mobile phases employed in the 




was prepared at multiple concentrations (i.e. 50-500 μM, 1 mM, 2 mM, 5 mM, 7.5 mM, 10 mM, and 
20 mM) and the peak height response in the chromatogram was recorded as a function of 
concentration. A plot of [N-phenylglycine ethyl ester] vs peak height engendered a straight line which 
could be used to determine the product yields and TTNs for each assay. Injection volumes were 8 μL 
to account for the 2.5:1 dilution factor in the product extraction phase. The following equations were 
used to calculate total turnover numbers (TTN) and (Ninsertion/Oinsertion) ratios: 













PRODUCT CHARACTERIZATION BY LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY 
Liquid chromatography-Mass spectrometry (LC-MS, C8) was employed to identify the products formed 
in each assay. A C8 reverse column (Grace Vydac, 100 x 21 mm, 5 μm) was used with a 10-minute 
gradient mobile phase (95:5% H2O:CH3CN to 10:90% H2O:CH3CN; 0.1% v/v formic acid, 0.25 mL min-1). 
Injection volumes were 20 μL and the chromatogram was recorded using UV-VIS spectroscopy in the 
wavelength range 240-300 nm. After eluting from the column, the mixture entered an isocratic solvent 
chamber where a 1:100 dilution preceded the injection of the sample into a positive electron-spray-
ionization (ESI) mass spectrometer (Waters Xevo G2-XS QTof). The mass spectrum recorded peaks 
screened across a m/z range of 70-300 (depending on the molecular mass of the product being 
screened). Retention times and fragmentation patterns were compared using commercial samples of 
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FIGURE LEGENDS 
Figure 1: The three possible reaction products following the C45-catalysed O/N-H insertion reaction 
between a regioisomer of aminophenol and EDA. 
Figure 2: C18-HPLC chromatograms for phenol (red) and the C45-catalysed (10 μM, 0.1 % catalyst 
loading) O-H insertion assay between phenol (30 mM) and EDA (10 mM) (blue). An isocratic mobile 
phase (100% CH3OH: 0.1% w/v NH4AcO) was employed and injection volumes were 20 μl. 
Figure 3: The C45-catalysed chemoselective N-H insertion reaction between 2-/3-/4-aminophenol and 
the diazo compounds ethyl/tert-butyl/benzyl diazoacetate. 
Figure 4: (top) C18-HPLC chromatograms for the C45-catalysed (10 μM, 0.1 % catalyst loading) N-H 
insertion assays between 2-aminophenol (30 mM) and (A) EDA (10 mM), (B) tBuDA (10 mM), and (C) 
BnDA (10 mM) in (CHES buffer, pH 8.6, 254 nm). An isocratic mobile phase (100% CH3OH: 0.1% w/v 
NH4AcO) was employed and injection volumes were 20 μl. (bottom) LC-MS spectra for the C45-
catalysed (10 μM, 0.1 % catalyst loading) N-H insertion assays between 2-aminophenol (30 mM) and 




and monitored at 254 and 280 nm. A C8 column was employed for the LC separation with a gradient 
mobile phase (95:5:0.1 % v/v water/MeCN/formate 10:90:0.1 % v/v water/MeCN/formate). Injection 
volumes were 20 μl. 
Figure 5: (top) C18-HPLC chromatograms for the C45-catalysed (10 μM, 0.1 % catalyst loading) N-H 
insertion assays between 3-aminophenol (30 mM) and (A) EDA (10 mM), (B) tBuDA (10 mM), and (C) 
BnDA (10 mM) in (CHES buffer, pH 8.6, 254 nm). An isocratic mobile phase (100% CH3OH: 0.1% w/v 
NH4AcO) was employed and injection volumes were 20 μl. (bottom) LC-MS spectra for the C45-
catalysed (10 μM, 0.1 % catalyst loading) N-H insertion assays between 3-aminophenol (30 mM) and 
(D) EDA (10 mM), (E) tBuDA (10 mM), and (F) BnDA (10 mM). All spectra were recorded in ES+ mode 
and monitored at 254 and 280 nm. A C8 column was employed for the LC separation with a gradient 
mobile phase (95:5:0.1 % v/v water/MeCN/formate 10:90:0.1 % v/v water/MeCN/formate). Injection 
volumes were 20 μl. 
Figure 6: (top) C18-HPLC chromatograms for the C45-catalysed (10 μM, 0.1 % catalyst loading) N-H 
insertion assays between 4-aminophenol (30 mM) and (A) EDA (10 mM), (B) tBuDA (10 mM), and (C) 
BnDA (10 mM) in (CHES buffer, pH 8.6, 254 nm). An isocratic mobile phase (100% CH3OH: 0.1% w/v 
NH4ACO) was employed and injection volumes were 20 μl. (bottom) LC-MS spectra for the C45-
catalysed (10 μM, 0.1 % catalyst loading) N-H insertion assays between 4-aminophenol (30 mM) and 
(D) EDA (10 mM), (E) tBuDA (10 mM), and (F) BnDA (10 mM). All spectra were recorded in ES+ mode 
and monitored at 254 and 280 nm. A C8 column was employed for the LC separation with a gradient 
mobile phase (95:5:0.1 % v/v water/MeCN/formate 10:90:0.1 % v/v water/MeCN/formate). Injection 
volumes were 20 μl. 
Table 1: The retention times, average product yields, and nitrogen/oxygen insertion ratios for the C45-
catalysed N-H insertion reactions between the three regioisomers of aminophenol and the diazo 
compounds EDA, tBuDA and BnDA (all reactions formed in triplicate). The reaction yields are all the 
closest possible estimations that can be made because N-phenylglycine ethyl ester was employed as 
the standard for establishing an external calibration. 
 
SUPLEMENTARY INFORMATION  
 
SI Figure 1: C18-HPLC chromatogram for (A) N-phenylglycine ethyl ester (10 mM), (B) 2-aminophenol 
(10 mM), (C) 3-aminophenol (10 mM), and (D) 4-aminophenol (10 mM). All standards were prepared 
in in EtOH. An isocratic mobile phase (100% CH3OH: 0.1% w/v NH4ACO) was employed and traces were 
recorded at 254 nm; all injection volumes were 20 μl. 
 
 
SI Figure 2: C18-HPLC external calibrations for N-phenylglycine ethyl ester at 254 nm; An isocratic 
mobile phase (100% CH3OH: 0.1% w/v NH4ACO) was employed and traces were recorded at 254 nm; 
all injection volumes were 8 μl. 
 
 
























SI Figure 3: C18-HPLC chromatogram for the C45 (10 μM) catalyzed N-H insertion assays. (A) 2-
aminophenol (30 mM) and ethyl diazoacetate (EDA; 10 mM); (B) 2-aminophenol (30 mM) and tert-
butyl diazoacetate (tBuDA; 10 mM); (C) 2-aminophenol (30 mM) and benzyl diazoacetate (BnDA; 10 
mM); (D) 3-aminophenol (30 mM) and ethyl diazoacetate (10 mM); (E) 3-aminophenol (30 mM) and 
tert-butyl diazoacetate (10 mM); (F) 3-aminophenol (30 mM) and benzyl diazoacetate (10 mM); (G) 4-
aminophenol (30 mM) and ethyl diazoacetate (10 mM); (H) 4-aminophenol (30 mM) and tert-butyl 
diazoacetate (10 mM); (I) 4-aminophenol (30 mM) and benzyl diazoacetate (10 mM). All assays were 
performed in CHES buffer (pH 8.6) with 10 μM C45 (0.1 % catalyst loading). An isocratic mobile phase 
(100% CH3OH: 0.1% w/v NH4ACO) was employed and traces were recorded at 254 nm; all injection 











SI Table 1: List of potential side products and the anticipated ESI-MS fragments following the reaction 





























































AP 15.27 - - - 14.77 - - - 14.60 - - - 
EDA 16.25 90.78 
± 2.98 
>99.9 908 15.60 61.50 
± 8.52 
>99.9 615 15.10 47.35 
± 7.69 
>99.9 474 
tBuDA 15.70 59.61 
± 6.87 
>99.9 596 15.10 >99.9 
± 0.1 
>99.9 999 15.42 19.37 
± 6.37 
>99.9 194 
BnDA 16.01 75.26 
± 3.51 
>99.9 753 15.41 44.36 
± 6.26 
>99.9 444 15.50 34.34 
± 3.17 
>99.9 343 
 
